G raphene is a two-dimensional crystal consisting of hexagonally arranged covalently bonded carbon atoms and is the template for other carbon allotropes.
G raphene is a two-dimensional crystal consisting of hexagonally arranged covalently bonded carbon atoms and is the template for other carbon allotropes. 1, 2 Graphene exhibits a high level of stiffness and strength with Young's modulus values of about 1TPa and strength in excess of 160 GPa. 3, 4 It also possesses unique electronic properties, which can be further effectively modified by stress/strain. 5, 6 In fact, strain engineering has been proposed as a route for developing graphene circuits 7 and, in this respect, a precise determination and monitoring of stress and strain are key requirements. Furthermore, there is a growing interest in the exploitation of graphene as a nanoreinforcement in polymer-based composites 8Ϫ10 for which it is important to know how efficiently the external stress is transferred from the matrix to the nanoinclusions.
Probing the shift of phonon frequencies is an effective way of assessing the degree of stress transfer of a material under an applied stress or strain along a given axis. Raman spectroscopy has proven very successful in monitoring phonons of a whole range of graphitic materials including graphene under uniaxial stress 11Ϫ16 or hydrostatic pressure. 17, 18 We have recently shown that the position of the 2D peak, 2D , is related to the applied uniaxial strain, , at a rate of approximately Ϫ65 ϫ 10 Ϫ2 cm
Ϫ1
. 13, 16 Much lower shifts in past reports by a number of authors have been attributed 16 to the effect of substrate and/or to the presence of residual strain in the monolayer. The dependence of the G peak position under uniaxial strain has also been the subject of intense interest and, as in the case of the 2D peak, substantial discrepancies have been reported in the literature. 12Ϫ14 In the recent work reported by us 13 significant G peak splitting is observed due to the lowering of the E 2g phonon symmetry by the imposition of a uniaxial strain.
With a few notable exceptions (see above and refs 19Ϫ22), most works dealing with mechanical properties of graphene (see, for example, refs 6, 7, 23Ϫ25) are of a theoretical nature and generally limited to suspended graphene at the atomic scale. Hence, there is a growing demand for experimental data to validate the models and relate them to graphene attached to various substrates. In the present work, graphene flakes are subjected to a cyclic uniaxial deformation (tensionϪcompression) using the polymer cantilever beam technique. The effect of compressive strain on the doubly degenerate G Raman band is presented for the first time. It was found that for compressive strain of about Ϫ0.1% the G band is split in a fashion similar to that observed in tension. 13 The critical strain for graphene buckling was found to be dependent on the flake size and geometry with respect to the strain axis and as such it follows the classical Euler buckling behavior. However, the role of substrate is found to be of a crucial importance, by enhancing the critical buckling strain by several orders of magnitude compared to suspended flakes. Finally, by employing the strain sensitivity of the 2D Raman band post mortem strain maps of the flake were constructed. The strain topography on these maps reveals a wrinkling pattern which is established on the flake on the completion of the cyclic deformation. Such patterns are found to be dependent on both the strain axis direction and the flake aspect ratio; a result that should be taken into account in applications such as all-graphene circuits.
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RESULTS AND DISCUSSION
Graphene monolayers were subjected to compressive and tensile loading by means of a cantilever beam assembly (Figure 1a) . The specimens were embedded into two polymeric layers of SU8 and S1805 and placed onto PMMA bars (Figure 1a) . A detailed description of the experimental setup and the sample preparation procedure are presented in the Methods section and ref 16 . Raman sampling was performed in situ on different sample locations depicted with crosses in Figure  1bϪd . Figure 2 shows representative Raman spectra of a graphene monolayer in the G peak region as a function of strain recorded on the flake F1 (shown in Figure 1b) . Positive (negative) strain values denote data taken under tension (compression). As seen in Figure  2 , the doubly degenerate E 2g optical mode (G peak) splits into two components, which have been termed 12, 13 G Ϫ and G ϩ in analogy with nanotubes, referring to polarization along the strain and perpendicular to it, respectively. 12, 13 The most striking feature in Figure  2 is the G peak splitting under both tension and compression; in both cases the E 2g ϩ phonon is perpendicular to the applied strain and thus experiencing smaller softening (redshift) or hardening (blueshift) whereas the E 2g Ϫ being parallel to strain is showing much greater rates of shifting in all cases. The rate of shifting of both modes is affected by the Poisson's ratio ( ϭ 0.33) of the substrate, 13 assuming ideal adhesion between the flake and the polymer matrix. The G Ϫ :G ϩ intensity ratios remain relatively constant during the course of loading and are the same for all investigated spots on a particular flake, being 1.5:1 for F2 flake and 1:1 for F1 flake. The difference between the two flakes is caused by their different crystallographic orientation with respect to the strain axes. 13 The G Ϫ and G ϩ polarization angle dependence is described in detail in refs 12 and 13.
In Figure 3a Table S1 (Supporting Information). The sensitivity of the individual G bands is higher under tension ( respectively. The flake F2 shows ‫ץ‬ G ‫ץ/‬ values in the linear part of the curves close to zero strain similar to tension, while the F1 flake sensitivities are lower by ϳ30%. The values extracted in the present study under both tension and compression are given in Table 1 . For comparative purposes the reported values in the literature for the slopes ‫ץ‬ G ‫ץ/‬ under tension are also included. The issue of residual strain present in the embedded flake is of paramount importance for the mechanical behavior of graphene as has been shown previously. 16, 26, 27 Especially for the embedded graphene into polymer matrices, the residual strain is due to either the initial deposition process and/or the shrinkage of resin during solidification (curing). The roughness of the polymer substrate may also play a role. The laser Raman technique employed here allows us to identify the presence of residual strain by just measuring the Raman frequency of the embedded flake and comparing it to that of an unstressed flake or literature value (e.g., 2680 cm Ϫ1 for laser excitation at 514 nm). In this work, to eliminate the effect of residual strain upon the mechanical data, we selected flakes that exhibited zero or minimal residual strains following a two-step methodology. In the first step a Raman mapping is performed that covers a broad area of the flake. The 2D Raman band is then used to generate two separate contour maps whereas the first one presents the topography of the Pos(2D) on the flake and the other the full-widthat-half-maximum (fwhm) of the same flake locations. On the basis of the fact that the fwhm of the 2D Raman band increases with deformation, the minimum residual strain regions can then be identified by correlating the two topographies; these are the regions where the topography exhibits minimum fwhm values. Even though it is practically impossible to obtain an absolutely prestrain-free monolayer, the small variations in the initial band frequencies observed in our experiments do not seem to affect the measured ‫ץ/ץ‬ at the particular spots. Furthermore, the low prestrain level is evidenced by the linear response of the band sensitivities to tension. As shown previously, 16 a precompression would be accompanied by a lower starting ‫ץ/ץ‬ value and a parabolic () dependence.
In tension, the Raman wavenumbers of the E 2g Ϫ and E 2g ϩ sub-bands follow almost perfectly linear trends up to the maximum applied strain. However, in compression the linearity holds for strain levels up to 0.3Ϫ0.5%. As shown in Figure 3a , Pos(G ϩ ) of F2 reaches a plateau at a strain value of 0.4%, while the ‫ץ‬ G ϩ ‫ץ/‬ of F1 remains almost constant. Similar differences in behavior of the two flakes can be also detected in the corresponding G Ϫ () curves. It is worth noting here that the slopes ‫ץ‬ G Ϯ ‫ץ/‬ in compression evaluated for different mapping locations on a particular flake show small differences that can be attributed to inhomogeneities of the strain field within the flake (Table S1 , Supporting Information).
A further insight into the compressive behavior of graphene is provided by the Pos(2D) dependence on compressive strain by comparing previously reported data 16 acquired using an excitation laser line at 514 nm.
In Figure 3b , three distinct sets of experiments for each /% for flake F2 and F1, respectively, at zero strain. For comparison it is recalled that the ‫ץ‬ 2D ‫ץ/‬ measured previously using an excitation laser line at 514 nm was ca. ϩ59 cm Ϫ1 / %. 16 Interestingly it should be noted that in all flakes Pos(2D) relaxes after an abrupt uptake. The onset strain of the Pos(2D) relaxation is at a different value for each flake.
The moment of the final failure of the flakes can be expressed by the critical buckling strain ( c ). For comparison purposes between flakes, we define c as the local maxima in the second order polynomials fitted to Pos(2D) versus strain values. The c value for F1 flake can be only extrapolated from the polynomial, giving 1.25%. For F2 and F3 flakes which showed clear failure, the c values were estimated at 0.53% and 0.64%, respectively. All compression data are summarized in Table 2 .
The critical buckling strain for a flake in the classical Euler regime in air can be determined through the following equation: 28 where w is the width of the flake, k is a geometric term (see below), and D and C are the flexural and tension rigidities, respectively. A tension rigidity value of 340 GPa nm has been reported by AFM measurements 3 whereas the flexural rigidity has been estimated to 3.18 GPa nm 3 . 5, 16 The above eq 1 is mainly valid for suspended thin films and yields extremely small (ϳ10
Ϫ9
) c values for graphene monolayers of thicknesses of the order of atomic radii. Such extremely small critical buckling strains are also predicted by molecular dynamics calculations. 24 However, for embedded flakes the above predictions are meaningless since current and previous experimental results 16 clearly point to much higher values of strain prior to flake collapse.
When embedded in a polymer matrix, the graphene is prevented from full buckling due to the lateral support offered by the surrounding material. At a certain strain the interface between graphene and polymer should weaken or fail and the flake may buckle as it would do in air. Therefore, assuming that c ϰ k/w 2 , the different response of the individual graphene flakes to compression can be determined by their geometries and orientation with respect to the strain axis. The geometric term k is dependent on the aspect ratio combined with a number of half waves m into which the flake buckles: 28 For the F3 flake, where length l ϭ 56 m and width w ϭ 25 m, 3 half waves are expected to occur at the critical load, 28 thus k F3 ϭ 4. For flakes F2 and F1, where l/w Ͻ 1, only one-half wave appears, thus k F2 ϭ 22.7 and k F1 ϭ 89.1. The number of half-waves is illustrated on the respective sketches in Figure 3b . Accordingly, the term k/w 2 increases from 0.006 m Ϫ2 for F3 flake up to 0.028 m Ϫ2 for F1 flake ( Table 2 ). If we now plot the k/w 2 as a function of c , a linear dependence for the three studied flakes is obtained (Figure 4) . The equation of the least-squares-fitted line is given by where the slope a ϭ Ϫ0.03 m
Ϫ2
. Since as shown in Figure 4 , an Euler-type analysis can be applied to the embedded graphene then the critical buckling strain should be given by where D* is now the flexural rigidity in the presence of the polymer. With reference to the slope a ϭ Ϫ0.03 m Ϫ2 in Figure 4 , the D* can be estimated to 12 MPa m 3 , which is, indeed, 6 orders of magnitude higher than the value in air. This is truly a remarkable finding that indicates clearly that the support offered by polymer barriers to a rigid monolayer can provide a dramatic enhancement to its compression behavior. The recently published results 10 showing measurable improvements in the compression behavior of polymers by the addition of graphene at low volume fractions also confirm our findings here. The effect of lateral support can also be deducted from our previously reported results 16 involving a graphene flake of dimensions, l ϭ 8 and w ϭ 6 m, simply laid on top of a substrate. As was shown in ref 16 , the measured ‫ץ‬ 2D ‫ץ/‬ of 25 cm Ϫ1 /% at zero strain is 2Ϫ2.5 times lower than the value expected (this work, Figure 4 ) for a fully supported flake.
It has to be noted that the above-described approach of defining the influence of the support, and hence the interaction between the substrate and the graphene flake, by a single term D* is very simplified. Ideally, different stages of the compression process need to be addressed separately, as described for example, in ref 29, to quantify the effect of debonding first, followed by the buckling itself. However, the use of common phenomenological models is unsatisfactory given the unique nature of 2D membranes one atom thick, yet macroscopic in lateral dimensions. 30 Similarly, the Euler-type buckling observed in the studied flakes is not necessarily universal in the whole k/w 2 range. As can be seen in Figure 4 , the fitted line does not pass through zero which indicates that its validity for k/w 2 Ͻ 5 ϫ 10 Ϫ3 m Ϫ2 is questionable. In the other extreme case where l Ͼ Ͼ w and w is in the nanometer scale, a nonlinear behavior governed by the matrix effects can be expected too. 31 A further study of this k/w 2 region will be essential to assess the mechanical properties of graphene nanoribbons. Now we come to the fwhm of the peaks studied which provides valuable complementary information on the structural changes in the flake that occur during mechanical loading. The Supporting Information Figure S3 shows the G band behavior under compression for a spot in the flake F2. A linear increase of Pos(G ϩ ,G Ϫ ) with strain can be observed up to Ϫ0.35%, where a subsequent relaxation of the Raman shift values takes place. The fwhm, which is equal for both subbands at a given strain level in the whole strain range measured, follows a different evolution. At first, it increases at a rate lower than 2 cm Ϫ1 /% and, then, at a strain level of Ϫ0.5% increases rapidly, reaching values over 10 cm Ϫ1 at Ϫ0.6%. The rate of broadening in the final stage exceeds 25 cm Ϫ1 /%. Exactly the same behavior, that is, rapid broadening at the onset of failure, was observed in all compression experiments on flake F2. In contrast, the F1 flake does not show a pronounced fwhm(G) increase. This is in accordance with the almost linear slope of the G () curves in the F1 sample and the negligible increase of the fwhm(G) under tension, which is less than 2 cm Ϫ1 /%. Similar dramatic G band broadening is observed on buckled graphene suspended over a trench designed in silicon substrate. 32 In that case, a compression is induced by heating and subsequent shrinkage of graphene due to a different thermal expansion coefficient compared to that of the underlying silicon. 
ARTICLE www.acsnano.org VOL. 4 ▪ NO. 6 ▪ 3131-3138 ▪ 2010 Figure 5 shows recorded Raman maps from the central part of specimen F2 at rest on the completion of the cyclic loading. Strain levels in Figure 5a were calculated using the second order polynomial fitted to the Pos(2D) data of the flake F2 as shown in Figure 3b . Both the 2D band position (Figure 5a ) and fwhm (Figure 5b ) are presented. From Figure 5a it can be deduced that most of the flake area is under a compressive strain up to Ϫ0.3%. As can be clearly seen in Figure 5 panels a and b, Pos(2D) and fwhm(2D) maps point to a graphene monolayer which is not perfectly flat or at least with an inhomogeneous strain distribution. Indeed, a careful examination of the maps reveals areas with either maximum or minimum Pos(2D) but a significant band broadening in all cases. This is a clear indication of permanent wrinkling formation in the post-mortem flakes. Regarding the wrinkling pattern, the orientation of the longer axes of the fwhm isolines (Figure 5b ) is approximately parallel to the edge of the neighboring bulk graphite. In the Pos(2D) map, the orientation of the isolines is similar, though more perturbed on the right edge of the graphene flake. The angle between the strain axis and the graphite edge, of about 50°, affects the direction of the formed wrinkles during the loading experiments. The graphite, thus, can act as a "clamp" for controlling the orientation of the wrinkles, which could be a key factor for tailoring the strain field characteristics in graphene-based electronic devices.
CONCLUSIONS
We documented in detail the response of graphene monolayers to uniaxial strain by probing the optical phonons by Raman spectroscopy. To present a complete picture, frequency and fwhm of both G and 2D bands were monitored during tension and compression cycles. Flakes that exhibited minimum residual strain were selected by preliminary mapping. In addition, the linearity of the G and 2D bandshift with tensile strain further confirmed the low prestrain level of selected flakes. However, in compression the G and 2D band response is nonlinear and varies from flake to flake. The corresponding ‫ץ‬ G,2D ‫ץ/‬ values decrease with strain until the eventual turnover of the slope, which is indicative of progressive buckling that precedes the final collapse of the flake. The gradual decrease of ‫ץ‬ G,2D ‫ץ/‬ is accompanied by an abrupt broadening of the bands, observed particularly in the G mode. The estimated critical buckling strain has been found to depend on size and geometry, as it would on any thin plate in an Euler buckling regime. It has to be stressed that the critical strain values of the embedded graphene flakes are remarkably high compared to those of the suspended ones. However, the effect of the lateral support provided by the polymer matrix is indeed dramatic and increases the effective flexural rigidity of graphene by 6 orders of magnitude. Finally, a post-mortem mapping of the flake indicates the presence of permanent wrinkles at an angle dictated by the neighboring bulk graphite, which acts as a "clamp" supporting one edge of the compressed graphene.
METHODS
Graphene monolayers were prepared by mechanical cleavage from natural graphite (Nacional de Grafite) and transferred onto the PMMA cantilever beam covered by a ϳ200 nm thick layer of SU8 photoresist (SU8 2000.5, MicroChem). After the graphene samples were placed, a thin layer of S1805 photore- www.acsnano.org sist (Shipley) was spin-coated on the top. The beam has a total thickness of t ϭ 2.9 mm and width b ϭ 12.0 mm. The graphene flake was located at a distance, x, from the fixed end of 12.97 and 12.72 mm, respectively. The top surface of the beam can be subjected to a gradient of applied strain by flexing the beam by means of an adjustable screw positioned at a distance L ϭ 70.0 mm from the fixed end. The deflection ␦ was measured accurately using a dial gauge micrometer attached to the top surface of the beam. The validity of this method for measuring strains within the Ϫ1.5% to ϩ1.5% strain range has been verified earlier. 33 MicroRaman (InVia Reflex, Rensihaw, UK) spectra are recorded with 785 nm (1.58 eV) excitation, while the laser power was kept below 0.85 mW to avoid laser induced local heating on the sample. A 100ϫ objective with numerical aperture of 0.9 is used, and the spot size is estimated to be ca. 1 ϫ 2 m. The polarization of the incident light was kept parallel to the applied strain axis. Because the graphene peaks overlap with strong peaks originating from the substrate, the spectra were first baseline (linear) subtracted, then normalized to the most intense peak of the substrate at 1450 cm
Ϫ1
, and subsequently the spectrum of bare substrate was subtracted. Figure S1 (Supporting Information) shows the original spectra of bare substrate and unstressed graphene in the G band region; the same free graphene is then shown "as clean" in Figure 2 . All bands in the Raman spectra of graphene were fitted with Lorentzians. The fwhm of the G band for the unstressed graphene was found to be approximately 6Ϫ8 cm
. The excitation wavelength (785 nm) was chosen with respect to a fluorescence of the polymer matrix embedding the graphene flakes. The fluorescence rendered measurements with lower excitation wavelengths impossible or at least very difficult. Despite the lower sensitivity of the CCD camera at higher wavenumbers, the 2D band is still clearly observable and can be evaluated when the spectra are excited with 785 nm laser line. The amplitudes of G and 2D bands of a graphene monolayer are approximately equal in this case. The fwhm of the 2D band in unstrained flakes was 24Ϫ25 cm
. The 2D linewidths and lineshapes, together with 2D/G relative intensities clearly identify graphene monolayers. 34, 35 The cantilever beam technique has been employed for subjecting tensile/compressive loads to graphene monolayers (see Figure 1A ). The beam can be flexed up or down by means of an adjustable screw subjecting the flake to compressive or tensile loads, respectively. The maximum deflection of the neutral axis of the beam (elastic behavior), is given by the following equation where L is the cantilever beam span, ␦ is the deflection of the beam (at the free end) at each increment of flexure and t is the beam thickness. The position where Raman measurements are taken is denoted by the variable "x". For the above equation to be valid, the span to maximum deflection aspect ratio should be greater than 10. 28 It has to be noted that it is extremely important to apply the stress smoothly in order to ensure reproducibility and no slippage. 13 In our typical experiments, the strain increment was 0.03 or 0.05%. The maximum strain achieved was usually close to 0.7% due to limitations originating mainly from the mechanical response of the substrate. At this strain level, cracks appeared in both underlying SU8 and overlying S1805. Therefore, to minimize the risk of influencing the results by an imperfect stress transfer to graphene or even the danger of irrecoverably damaging the specimen too early, the experiments were stopped at this point. Nevertheless, as shown, the most important features of the behavior of graphene under small strains (Ͻ1.5%) can be deduced from its evolution in the range of our experiments. The data presented in this study were measured on two different flakes (on different beams) on several points in each flake (Figure 1) , sometimes in repeated tension and compression cycles. Altogether, more than 100 and 50 spectra were acquired under compression and tension, respectively.
